The objective of this systematic review was to characterize the pharmacokinetics and pharmacodynamics of denosumab (XGEVA®), a fully human IgG2 monoclonal antibody which binds to receptor activator of nuclear factor kappa-B ligand (RANKL), for the treatment of skeletal-related events (SREs) in patients with advanced cancer and bone metastases.
Introduction
For patients with advanced cancers, the skeleton represents one of the most common sites of tumour metastasis [1] . Bone metastases occur in over 1.5 million patients and presents a major challenge in disease management [2] . Patients diagnosed with bone metastases often have poor prognosis and significant morbidity including bonerelated pain, hypercalcaemia of malignancy and skeletalrelated events (SREs) such as pathological fractures and spinal cord compression [3] . Surgery or radiation to the bone is often required for effective treatment of bonerelated pain or pathological fractures [4] .
The pathophysiology of bone metastases disrupts the balanced and tightly coordinated interplay between osteoclast-mediated bone resorption and osteoblastmediated bone formation. In advanced cancer patients with bone metastases, malignancy often leads to a dramatic increase in osteoclast activity and bone resorption, resulting in a significant loss of structural integrity and ultimately bone stability/strength [5] . Receptor activator of nuclear factor kappa-B ligand (RANKL) plays a central role in the mediation of bone resorption and remodeling [6] . Upon binding to RANK receptors on the surface of osteoclast precursors and mature osteoclasts, RANKL induces both differentiation and activation of osteoclasts [7] . This in turn leads to increased bone resorption and metabolism, reflected by increases in the levels of the bone turnover marker, creatinine-corrected urinary N-telopeptide of type I collagen (uNTx/Cr) [8] . In early experimental models involving bone metastasis, antagonists of RANKL completely prevented tumour-associated osteolysis [9] , suggesting that inhibition of RANKL reduces bone resorption and has the potential to do so more effectively than other classes of antiresorptives [10] .
Preclinical studies have shown that levels of bone resorption markers, particularly uNTx, can correlate with the presence and extent of bone metastases [11, 12] and skeletal complications [8, 13] in patients with advanced cancer or multiple myeloma. Based on data from several large, randomized phase 3 trials of zoledronic acid, results from Brown et al. suggested that patients with a baseline uNTx/Cr value of >100 nmol/mmol were more likely to experience a SRE or death during the first 3 months of intravenous (i.v.) bisphosphonate therapy. In addition, patients with on-study uNTx/Cr concentrations of >50 nmol/mmol were found to have a two-fold or greater risk of skeletal complications, disease progression, and death. Therefore, among patients with advanced cancer and bone metastases who also have elevated uNTx/Cr concentrations, the normalization of uNTx as a result of osteoclast inhibition may have clinical benefit in the reduction of SREs. As such, uNTx was utilized as a pharmacodynamic marker for suppression of bone resorption in patients with bone metastases from solid tumours.
Denosumab (XGEVA®) is a fully human monoclonal IgG2 antibody that binds with high affinity ([Kd] = 3 × 10 −12 mol l −1 ) and specificity to RANKL [14] . By inhibiting the binding of RANKL to RANK, denosumab can prevent the formation, activation and survival of osteoclasts and significantly decrease bone resorption. As a consequence, bone resorption and cancer-induced bone destruction is reduced. Recently, the results of several large phase 3 clinical studies demonstrated that denosumab treatment consistently and significantly reduced uNTx/Cr concentrations in patients with solid tumours or multiple myeloma and bone metastases, reflecting denosumab's significant antiresorptive properties [15] [16] [17] . Furthermore, the duration of maximal uNTx/Cr suppression increased with denosumab dosing, which ranged from 30 to 180 mg subcutaneous (s.c.) every 4 weeks or 60 to 180 mg s.c. every 12 weeks. Expected reversibility of uNTx/Cr suppression was observed after stopping treatment [18, 19] . Currently, denosumab dosing at 120 mg s.c. administered every 4 weeks is approved in the United States and other countries for the prevention of SREs in patients with bone metastases from solid tumours.
Denosumab pharmacokinetics (PK) and suppression of uNTx/Cr time course have been investigated in clinical studies of advanced cancer patients with bone metastases. Recent population PK and population PK-pharmacodynamic (PD) analyses, which included data from patients with advanced cancer, were used to determine population PK and PD parameter estimates and also investigated the effects of patient demographic covariates on the parameter estimates [20] . In the population PK analysis performed by Gibiansky et al., non-linear PK of denosumab were characterized. Bioavailability following s.c. administration was determined to be 61% and the mean half-life, corresponding to linear elimination, was approximated as 25-30 days [20] . Repeated monthly administration of denosumab resulted in an approximate two-fold accumulation at steady-state and timedependent PK were not observed under the dose regimens examined. Furthermore, the effects of body weight, age, race and tumour type on denosumab PK and PD were evaluated by Gibiansky et al. [20] . Body weight was identified as an important covariate on denosumab PK, but with limited clinical relevance, given the large inter-subject variability in PK and lack of difference in predicted uNTx/Cr values [21] . The present review was conducted to evaluate and summarize denosumab PK and PD data across phase 1, 2, and 3 clinical studies in advanced cancer patients with bone metastases, including data in healthy patients, and to assess the potential clinical importance of reported, significant covariates (i.e. body weight and tumour type) on denosumab exposures and observed PD effects.
Methods

Clinical data
A randomized, double-blind, active-controlled, single dose phase 1 study (study 1, Table 1 ) was conducted in patients with breast cancer and bone metastases or multiple myeloma [22] . Each patient (breast cancer, n = 26; multiple myeloma, n = 28) received both a single s.c. injection of denosumab or placebo (3 : 1 ratio) and an intravenous (i.v.) bisphosphonate infusion. Denosumab doses were evaluated at 0.1, 0.3, 1.0 and 3.0 mg kg −1 and intense PK and PD (uNTx/Cr) samplings were performed up to study day 85.
The safety, PK, and uNTx/Cr data for this study have been previously reported [22] .
Study 2 was conducted as a phase 2, randomized, partially-blinded, active-controlled, multiple dose, parallel group study in patients with advanced breast cancer naïve to previous i.v. bisphosphonate treatment [19] . Patients were randomized to one of six treatment groups (n = 42-43 patients per cohort), receiving denosumab doses of 30, 120 or 180 mg every 4 weeks (six doses), denosumab 60 or 180 mg every 12 weeks (two doses) or i.v. bisphosphonate every 4 weeks per package insert (open label). Randomization was stratified by the anti-neoplastic therapy, either chemotherapy (with or without hormonal therapy) or hormonal therapy alone. Patients participated in the study for 57 weeks, including a 25 week treatment period followed by three post-treatment follow-up visits at weeks 33, 45, and 57. Limited PK and PD (uNTx/Cr) samplings were performed after the first dose and up to study week 57.
Study 3 was conducted as a phase 2, randomized, open-label, active-controlled, multiple dose, parallel group study in patients with advanced cancer who had uNTx/Cr concentrations of >50 nmol bone collagen equivalents (BCE)/mmol during pre-study i.v. bisphosphonate treatment [23] . Patients were randomized in a 1:1:1 ratio (n = 35-38 patients per cohort) to receive either denosumab 180 mg s.c. every 12 weeks (two doses) or 180 mg s.c. every 4 weeks (six doses) or to continue on i.v. bisphosphonate every 4 weeks for 25 weeks (study treatment period). Randomization was stratified by cancer type (breast, prostate, solid tumours [except lung] or multiple myeloma) and screening uNTx/Cr (50-100 nmol BCE/ mmol or >100 nmol BCE/mmol) using an equal allocation ratio. Patients participated in the study for 57 weeks, including a 25 week treatment period. Post-treatment follow-up visits were scheduled at weeks 33, 45 and 57 and limited PK and PD (uNTx/Cr) samplings were performed after the first dose and up to study week 57.
Study 4 evaluated the single-dose PK of 120 mg s.c. denosumab in healthy women (n = 60) and men (n = 56), age = 18-61 years. Intense serum PK samplings were performed and evaluated up to study day 127 (19 weeks postdose, results not published).
Studies 5, 6, and 7 were conducted as phase 3, randomized, double-blind, active-controlled, multiple dose studies in advanced cancer patients with bone metastases, including histologically or cytologically confirmed breast cancer (study 5) [15], solid tumours or multiple myeloma (excluding breast and prostate cancer) (study 6) [17] and prostate cancer (study 7) [16] . Patients in these studies were randomized to receive either denosumab 120 mg s.c. or i.v. bisphosphonate followed by a 2 year survival period. In study 5, randomization of patients was stratified by whether patients were receiving on-study breast cancer chemotherapy (with or without hormone therapy) or hormone therapy alone at study entry. On-study breast cancer hormonal and chemotherapy used by ≥ 20% of patients in study 5 consisted of capecitabine, letrozole, anastrozole and paclitaxel. A subset of patients participated in a PK substudy and had sparse PK and PD (uNTx/Cr) sampling conducted through the end of the blinded treatment phase. The PK analyses sets comprised 92, 73 and 82 patients for studies 5, 6 and 7, respectively.
Assay methodology
Serum denosumab concentrations were determined using a validated, conventional sandwich enzyme-linked immunosorbent assay (ELISA) method at Amgen Inc. (Thousand Oaks, CA) or PPD (Richmond, VA). The principle of the assay was based on a bridging format, where denosumab would bind to an immobilized osteoprotegerin ligand (OPGL = RANKL) and horseradish peroxidase (HRP)-labelled OPGL. Procedural details of the assay have previously been developed and described by Chen et al. [24] . The lower and upper limit of quantification (LLOQ and ULOQ) of the assay were 0.8 and 35 ng ml −1 , respectively. Urinary NTx concentrations were determined using a validated, ELISA method at Amgen Inc. (Thousand Oaks, CA, USA) or PPD (Richmond, VA, USA). Procedural details of the assay have previously been developed and described by Hanson et al. [25] . For studies 1 to 3, a Logistics-Auto Estimate model with a weighting factor of 1 using Watson LIMS version 7.0.0.01 data reduction package was used for data regression analyses. For studies 4 to 6, a 4-Paramater Logistics with a weighting factor of 1 using PPD's Assist LIMS version 3.08 to 5.00 data reduction package was used for data regression. The limit of quantification (LOQ) of the uNTx assay was 30 nmol l −1 BCE for study 1 and 62.5 nmol BCE for all other studies. The ULOQ was 2857 nmol l 
Pharmacokinetics and uNTx/Cr data analyses
Individual serum denosumab concentration-time data were analyzed by non-compartmental PK analysis methods using WinNonlin Professional v3.3 (Pharsight, Mountain View, CA, USA) for study 1 and WinNonlin v4.1e (Pharsight, Mountain View, CA, USA) for studies 2 to 4. Summary statistics for serum denosumab concentrations were calculated using SAS version 9.1 (SAS Institute Inc., Cary, NC, USA) and Excel 2003 (Microsoft Corporation, Redmond, WA, USA) for studies 4 to 6. Actual sampling times were used in the analysis and denosumab serum concentrations below the LOQ were converted to zero for the calculation of summary statistics. For purposes of analysis, uNTx values determined to be below the LOQ were assigned the value 62.5 nmol l −1 . Urine NTx concentrations were corrected for urine creatinine (Cr) concentrations using the following equation: uNTx/Cr (nmol BCE/ mmol) = uNTx/(Cr × 0.0884).
The maximum observed serum denosumab concentration (Cmax) and corresponding time of Cmax (tmax) after dosing was identified by inspection of the data. The area under the concentration-time curve from time zero to end of dosing interval (AUC(0,τ)) was calculated by the linearlog trapezoidal method, which applies the linear trapezoidal rule up to the first occurrence of Cmax and then the log trapezoidal rule for the remainder of the curve. The apparent clearance (CL/F) was determined by dividing the dose by AUC(0,∞). A linear regression of the log-transformed data points vs. time was used to estimate the terminal phase rate constant (λz). Cmax was not included for λz estimates. The terminal phase half-life, t1/2,z, was calculated as 0.693/λz. PK parameters for a particular patient were excluded from the analysis (treated as missing values) if the parameters could not be calculated (e.g. the number of samples within a given dosing interval was insufficient or λ z could not be estimated). 
Results
Single and multiple dose pharmacokinetics
Figure 1
Mean (SD) denosumab serum concentrations following single subcutaneous administration to patients with multiple myeloma (MM) or breast cancer (BC). , 0.1 mg kg
serum denosumab exposures were similar between patients with breast cancer and those with multiple myeloma. Following multiple s.c. doses of denosumab in patients with breast cancer and bone metastases (study 2), mean Cmax and AUC values increased 5.8-to 6.5-fold for a six-fold increase in fixed dose (30-180 mg, Table 2 ), consistent with approximately dose-proportional increases in exposure with weight-based doses above 1.0 mg kg −1 . Mean dose-normalized AUC and Cmax (nCmax) values were observed to be similar (<18% and <16% different, respectively) for doses between 30 and 180 mg, with notable overlap in interindividual variability. Thus, denosumab exposure, based on data for both Cmax and AUC, increased approximately dose-proportionally over the range of fixed doses that were assessed in patients with breast cancer and bone metastasis. In addition, an approximate two-fold accumulation was observed across all every 4 weeks dose groups after the third and fifth doses, reaching steadystate levels by 6 months. This was expected based on denosumab's single dose PK profile and indicates that denosumab PK do not significantly change with time. At the end of the treatment period serum denosumab levels declined, with a mean half-life of approximately 29 days for the 120 mg every 4 weeks cohort (range = 25-35 days across dose cohorts).
After multiple 120 mg s.c. denosumab administrations during studies 5 to 7, steady-state serum trough exposures were observed to be similar (<15% difference) between months 6 and 12 (weeks 25-49) across advanced cancer patients with bone metastases (breast, prostate, other solid tumours or multiple myeloma), consistent with a lack of change in PK with time. In addition, after single dose administration of 120 mg denosumab, no notable differences in exposures based on AUC and Cmax were observed (<23% and <16% different, respectively) between healthy men and women (data not shown). This is comparable with earlier population PK/PD analyses which indicated that gender was not a significant covariate for denosumab PK or uNTx/Cr suppression in cancer patients with bone metastases [20] .
Pharmacodynamic properties
Reductions in the bone resorption marker, uNTx/Cr, were observed across the weight-based or fixed doses evaluated during the phase 1 and 2 studies (studies 1 to 3), with significant decreases noted as early as 1 day after administration of denosumab in advanced cancer patients with bone metastases. While the rate and maximum extent of uNTx/Cr suppression at doses of 0.3 mg kg −1 and above were similar, the duration of maximal uNTx/Cr suppression generally increased with dose [22] .
In the phase 2 trial of breast cancer patients with bone metastases who had not previously received i.v. bisphosphonate treatment (study 2), rapid and sustained suppression of uNTx/Cr concentrations were observed across the range of denosumab doses tested (30, 120, or 180 mg every 4 weeks, 60 or 180 mg every 12 weeks) [19] . A similar level of suppression was noted across the dose cohorts. Data for the 120 mg denosumab every 4 weeks dose cohort (approved clinical dose for the advanced cancer indication), illustrates the relationship between the PK and PD of denosumab (Figure 2 ). Subcutaneous doses of denosumab 120 mg every 4 weeks resulted in a rapid and significant reduction (82%) of uNTx/Cr concentrations within 1 week. These reductions were maintained, with median reductions of 74% to 82% from weeks 2 to 25 of continued 120 mg every 4 weeks dosing ( Figure 2) . Similarly, in patients with bone metastases from solid tumours or multiple myeloma who were receiving i.v. bisphosphonate treatment yet had elevated uNTX/Cr concentrations (>50 nmol BCE/mmol), multiple s.c. dosing of denosumab (every 4 weeks or every 12 weeks) resulted in an approximate 80% reduction in uNTx/Cr concentrations from baseline after 3 and 6 months of treatment, respectively (study 3). Overall, 97% of patients in the denosumab groups had at least one uNTx/Cr value <50 nmol BCE/ mmol up to week 25 of the study. Across studies 5 to 7, an 80% median reduction in uNTx/Cr concentrations (from baseline) was observed after 3 months of treatment in 2075 denosumab-treated cancer patients.
Pharmacokinetics and uNTx/Cr concentrations across tumour types
Comparison of denosumab exposures between advanced cancer patients with bone metastases (breast, prostate and others solid tumours; studies 5 to 7) and healthy adults (men and women; study 4) indicated that median trough serum denosumab concentrations at month 1 after a 120 mg dose differed by <34%, with extensive overlap in the 10 th to 90 th percentile ranges (Figure 3 ). In addition, median trough serum denosumab concentrations at month 3 (data not shown) and 6 ( Figure 4 ) differed by <22%, for patients with breast cancer (studies 2 and 5), prostate cancer (study 7) and other solid tumours (study 6), 
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Figure 2
Mean (SD) denosumab serum concentrations and median percent change from baseline (Q1, Q3) in uNTX/Cr following subcutaneous administration of 120 mg denosumab every 4 weeks for 6 months in patients with breast cancer and bone metastasis (study 2). uNTx/Cr = creatine-corrected urinary N-telopeptide of type I collagen. , denosumab (n = 38); , uNTx/Cr (n = 39) 
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Figure 3
Box plots for serum denosumab concentration 1 month after subcutaneous administration of 120 mg to healthy adults and patients with cancer and bone metastases (breast, prostate, other solid tumours or multiple myeloma). Box = interquartile range; line = median; whiskers = 10th and 90th percentiles; dots = outliers with notable overlap observed in the 10 th to 90 th percentile ranges (Figure 4) . Although serum trough exposures varied across tumour types (< 34% different) at months 1 and 6, they are not likely to translate into clinically meaningful differences given the large intersubject variability and extensive overlap across tumour types. Additionally, phase 3 clinical study results published to date in breast cancer, prostate cancer and other solid tumour types demonstrated comparable efficacy (i.e. time to first SRE; HR range: 0.82-0.84 [95% CI, 0.72, 0.98]) across these indications, which further supports the conclusion that the observed PK differences are not likely to translate into differences in clinical efficacy or outcome [15] [16] [17] .
Study 6 included patients with multiple myeloma, nonsmall cell lung cancer and a range of other solid tumours (breast and prostate cancer were excluded). Due to the large number of different solid tumour types coupled with the small number of patients per tumour type, comparisons of exposure between all individual tumour types in this study were not performed. Only data for patients with multiple myeloma were assessed separately. Collectively, these results indicate that, relative to healthy adults, tumour type (breast cancer, prostate cancer or other solid tumours) does not markedly affect the PK of denosumab.
The median serum denosumab trough concentrations in patients with multiple myeloma were moderately lower (by 42% to 50%) compared with either healthy patients or advanced cancer patients with other solid tumours (including breast and prostate cancer) at months 1 and 3, but were comparable at month 6 ( Figures 3 and 4) . However, the results should be interpreted with caution given the small number of patients with multiple myeloma (n = 4-7 patients per time point). Furthermore, these results were in contrast to study 1 (single dose), where exposures based on Cmax and AUC were similar or higher in patients with multiple myeloma vs. those with advanced breast cancer. Despite observed discrepancies in PK, the PD response (based on uNTx/Cr suppression) was similar in patients with multiple myeloma when compared with advanced cancer patients ( Table 3) .
As presented in Table 3 , the median reductions in uNTx/Cr at week 13 were similar between advanced cancer patients with different tumour types, including breast (studies 2 and 5; combined due to similar exposures), hormone refractory prostate cancer (study 6) and other solid tumours or multiple myeloma (study 7) . In addition, inter-subject variability (Q1, Q3) in the extent of uNTx/Cr reduction was similar across different patient populations.
Effects of concomitant drug exposure on denosumab pharmacokinetics and pharmacodynamics
Serum denosumab trough concentrations were found to be similar (17 700 vs. 20 100 ng ml −1 ; month 6) for breast cancer patients in studies 2 and 5, respectively. Patients were stratified by chemotherapy (with or without hormone therapy) or hormone therapy alone at study entry. Therefore, patient data from these two studies were combined to perform an analysis on the effects of concomitant administration of chemotherapy or hormone therapy on denosumab PK. Assessment of the effect of concomitant treatment with chemotherapy and/or hormone therapy vs. no concomitant treatment was not performed, as PK data were not collected for the few patients in study 5 who received neither therapy.
As shown in Figure 5 , serum denosumab trough concentrations at months 1 and 3 were similar between patients receiving chemotherapy (with or without hormone therapy) and those receiving hormone therapy alone (<19% difference), with extensive overlap in interquartile ranges. In addition, decreases in uNTx/Cr concentrations at week 13 were similar between these groups (<8% difference; Table 4 ). These results suggest that for patients with advanced breast cancer, the type of concomitant cancer therapy received did not affect denosumab PK or PD.
Discussion
Denosumab displayed non-linear PK at doses below 60 mg, but approximately dose-proportional increases in 
Figure 4
Box plots for trough serum denosumab concentrations at month 6 during subcutaneous administration of 120 mg every 4 weeks to patients with cancer and bone metastases (breast, prostate, other solid tumours or multiple myeloma). Box = interquartile range; line = median; whiskers = 10th and 90th percentiles; dots = outliers exposure at higher doses. After multiple s.c., 120 mg, every 4 weeks doses, a mean 2.52-fold accumulation in serum denosumab concentrations was observed and steadystate was achieved by 6 months. At steady-state, the mean (SD) serum trough concentration was 20.5 (13.5) μg ml −1 , and the mean elimination terminal phase half-life (t1/2,z) was 29 days. Based on results from the population PK analysis published by Gibiansky et al. [20] , the reported bioavailability of 61% for denosumab after 120 mg s.c. dosing was found to be similar to that reported for other IgG antibodies such as omalizumab (62%) and ustekinumab (57%). Additionally, denosumab clearance and volume of distribution were found to be proportional to body weight, as generally observed for other IgG antibodies [26] .
The typical central volume of distribution (Vc) range for IgG antibodies has been reported to be 2-3 l, with the volume of distribution at steady-state (Vss) ranging from 2.5 to 7 l, depending on the affinity for and capacity binding to cellular antigens [27] . Based on the population PK analysis, the Vc for denosumab was estimated to be 2.62 l/66 kg and Vss was estimated to be 3.96 l/66 kg, consistent with the values summarized by Roskos et al. [27] . In addition, the population PK-derived median linear clearance (CLL) estimate of monoclonal Abs was 0.31 l day −1 (range 0.066-0.535) [28] , while for denosumab the CLL was estimated to be 0.078 l day −1 [20] . Although denosumab clearance is within the range observed for other mAbs, the relatively slower clearance may be attributed to the high binding affinity of denosumab for its target, RANKL, as well as FcRn (neonatal Fc receptor for IgG) [29] . Additional hypothetical explanations include more potent binding of denosumab to RANKL in its membrane-bound form in tissue vs. the soluble form (similar to other TNF ligands, and possibly related to its ability to cluster RANK), resulting in a limited availability of target in the primary distribution space. By and large, these data suggest that denosumab extravascular distribution (e.g. reticuloendothelial cells) Table 3 Summary statistics for change (%) in uNTx/Cr concentrations at week 13 during administration of subcutaneous120 mg denosumab every 4 weeks 
Figure 5
Box plots of trough serum denosumab concentrations at 1 and 3 months during subcutaneous administration of 120 mg denosumab every 4 weeks to patients with breast cancer and bone metastases receiving chemotherapy (with or without hormone therapy) vs. hormone therapy alone (studies 2 and 5). Box = interquartile range; line = median; whiskers = 10th and 90th percentiles; dots = outliers Table 4 Summary statistics for change (%) in uNTx/Cr concentrations at week 13 during subcutaneous administration of 120 mg denosumab every 4 weeks in patients with breast cancer and bone metastases and the subsequent elimination that occurs from these sites via catabolism, target-mediated elimination or other routes [28, 30] , appears to be similar to that reported for other therapeutic antibodies. The non-linear PK attributes of denosumab observed in clinical studies at lower doses or serum concentrations may be explained by a saturable mechanism of elimination based on specific binding and complex formation of denosumab to its target ligand, RANKL. This mechanism of target-mediated elimination has been proposed for several antibodies [31] . Denosumab exhibits nonsaturable, linear PK at doses greater than 1.0 mg kg −1 which, as discussed above, may be explained by proteolytic catabolism via the reticuloendothelial system and endothelial cells or binding to FcRn. These proposed mechanisms of elimination are further confirmed by the observation of similar mean apparent CL/F values (0.07-0.10 ml h −1 kg −1 ) in clinical studies of denosumab at higher doses (1.0-3.0 mg kg −1 ) to that reported for other endogenous immunoglobulins (CL/F = 0.09-0.12 ml h −1 kg −1 ) [32] . Given that body weight has been reported to be an important demographic predictor of monoclonal antibody PK, denosumab PK parameters were evaluated by body weight. Exposure, based on AUC and Cmax, tended to be lower for heavier patients than lower weight patients following administration of denosumab 120 mg s.c. to healthy adult patients. However, due to large inter-subject variability in exposure, there was extensive overlap in exposure across the range of body weight explored. Moreover, this observed trend had no impact on the reduction of uNTx/Cr concentrations [20] . Therefore, the relationship between body weight and denosumab exposure has limited clinical relevance, as the exposure attained with 120 mg every 4 weeks dosing is sufficient to suppress maximally uNTx/Cr concentrations across the wide body weight range evaluated. To investigate further the differences of denosumab weight-based dosing vs. fixed dosing, Doshi et al. [21] performed population PK/PD model-based simulations of uNTx/Cr concentration-time profiles comparing 2 mg kg −1 weight-based dosing vs. 120 mg every 4 weeks fixed-dosing. Results indicate that at week 25, predicted uNTx/Cr concentrations were similar for both the 2 mg kg −1 and 120 mg dosing regimens, with a median (Q1, Q3) concentration of 4.91 (2.26, 10.16) and 5.21 (2.31, 12.01) nmol BCE/mmol, respectively. Therefore, comparison of weight-based vs. fixed dosing of denosumab did not result in any relevant differences in denosumab PD effects as determined by uNTx/Cr suppression.
As elevated levels of bone turnover markers (i.e. uNTx/ Cr) correlate with disease progression and poorer patient prognosis [8, [11] [12] [13] , the efficacy of denosumab on uNTx/Cr suppression was assessed during studies 2 and 3 of patients with tumours involving bone. Rapid and maximal suppression of uNTx/Cr concentrations was observed after the first dose across the range of denosumab doses tested (30, 120 or 180 mg every 4 weeks; 60 or 180 mg every 12 weeks). Although uNTx/Cr suppression was sustained throughout the entire dosing interval in the every 4 weeks cohorts, evidence of escape from suppression was observed in the every 12 weeks cohorts at week 13. In studies 5 to 7, a similar degree of uNTx/Cr reduction was also observed across the three phase 3 studies by week 13 in advanced cancer patients with bone metastases receiving 120 mg denosumab every 4 weeks, indicating sustained and maximal uNTx/Cr suppression across tumour types. On average, although the maximum level of uNTx/Cr suppression appeared similar for all dose groups in studies 2 and 3, the duration of maximum suppression was prolonged in the every 4 weeks (vs. every 12 weeks) group and in the higher dose groups (i.e. 120 and 180 mg), likely attributed to greater circulating systemic concentrations of denosumab. Given the high inter-subject variability observed in both denosumab PK and PD, the 120 mg every 4 weeks dosing regimen was selected for phase 3 clinical trials (studies 5 to 7) in order to maintain serum denosumab concentrations that provided maximal uNTx/Cr suppression in the highest number of patients throughout the entire dosing interval. A population PK/PD analysis that included the phase 3 PK and PD study data was also subsequently conducted [20] , which further supported selection of the dose regimen. Results from this analysis indicated that the 120 mg every 4 weeks dose regimen resulted in a greater proportion of patients with normalized uNTx/Cr concentrations (<50 nmol BCE/mmol) (relative to 30 mg every 4 weeks) and with substantial (>90%) suppression of uNTx/Cr (relative to every 12 weeks dosing). Furthermore, every 4 weeks doses above 120 mg provided limited additional benefit with regard to the proportion of patients with >90% uNTx/Cr suppression.
The efficacy and safety for denosumab have been demonstrated in studies 5 to 7 [15] [16] [17] for the 120 mg s.c. every 4 weeks denosumab dosing regimen, in addition to significant and clinically relevant reductions in the risk of SREs compared with zoledronic acid for advanced cancer patients with bone metastases from solid tumours. Importantly, this dosing regimen also led to significantly greater (P < 0.0001) suppression of uNTx/Cr concentrations when compared with zoledronic acid treatment (80% median reduction with denosumab vs. 68% median reduction with zoledronic acid at week 13) [33] .
Conclusions
In this review, denosumab PK and PD data are described and summarized across phase 1, 2 and 3 clinical studies in advanced cancer patients with bone metastases, including data for healthy patients. The limited clinical importance of weight, as an identified covariate from the population PK/PD analyses, was evaluated in relation to the observed data. Similar to other monoclonal antibodies, lower deno-sumab dosing resulted in non-linear PK, but increased dose-proportionally in exposure for doses at and above 60 mg in advanced cancer patients with bone metastases. Clinically meaningful differences in denosumab PK or PD (uNTx/Cr suppression) were not observed across tumour types or with on-study chemotherapy and/or hormone therapies. In conclusion, given the observed efficacy and safety of denosumab in addition to the robust denosumab PK and PD data, these findings demonstrate that targeting maximal suppression of uNTx/Cr was an appropriate strategy for dose selection.
